Ab initio calculations were performed on M(H 2 O) n systems, M being Li + , Na + , K + , Be 2+ , Mg 2+ , or Ca 2+ , with n ) 1, 2, 4, or 6. For the most hydrated systems, parameters for the effective Lennard-Jones interaction between the cation and the water molecules were determined, so as to reproduce ab initio results. In order to compare our results to those obtained previously by J. A°qvist with a purely empirical approach, waterwater interactions were assumed to be given by the TIP3P model. Different forms for the effective two-body interaction potential were tested. The best fits of ab initio data were obtained with a smooth r -7 repulsive and a classical r -4 attractive term, in addition to standard Coulombic interactions. Though better fits were obtained for alkaline cations than for alkaline-earth ones, only Be 2+ obviously requires a more complicated form of the potential energy function. The corresponding parameters were tested with molecular dynamics simulations of cations in water solutions and with hydration free energy difference calculations, using the thermodynamic perturbation approach. Radial distribution functions consistent with experimental data were obtained for all cations. Free energy differences are obviously much more challenging. The most accurately reproduced value is the difference between the hydration free energies of Na + and K + . This result is likely to be significant since effective interaction energies between Na + or K + and water molecules as obtained in A°qvist's and in the present work are found to be very similar, despite the fact that the corresponding sets of parameters were determined with completely different approaches.
Introduction
Alkaline-earth and alkaline metal cations Mg 2+ , Ca 2+ , Na + , and K + play entirely different roles in biological systems. For instance, when the intracellular concentration of Ca 2+ increases, large conformational changes occur in many proteins. In the case of muscle cells, this results in the activation of a protein kinase, which phosphorylates the glycogen phosphorylase enzyme, ultimately causing energy release from glycogen and muscle contraction. Interestingly, the high physiological intracellular concentration of Mg 2+ does not interfere with such events (Ca 2+ is a key signaling molecule in eukaryotic cells, while Mg 2+ is not). This is related to the fact that the specificity of proteins for Ca 2+ can be fairly high. For instance, in the case of parvalbumin, the ratio of Mg 2+ and Ca 2+ binding affinity constants is ≈10 4 . 1 The most popular method presently available to study protien specificity at a molecular level is the free energy perturbation (FEP) method. 2 With this method, the difference between the binding free energies of two ligands of a given protein can be computed. 3, 4 In practice, accurate results are obtained only when the following conditions are met: (1) a high resolution tridimensional structure of one ligand-protein complex has to be known; (2) both ligands, and the conformation of the protein around them, must be similar enough so that the part of the configurational space in which the behavior of the two ligandprotein systems is different can be sampled during a molecular dynamics (MD) simulation at room temperature. To fulfill this condition it is usually necessary, even for very similar systems, to build nonphysical intermediaries between the two ligands, the free energy difference being calculated along the nonphysical path starting from one ligand and ending at the other one; 2 (3) the interaction between the ligands and the protein must be well described. Moreover, in order to achieve at reasonable computational costs the large number of energy calculations required for an accurate sampling (typically, hundreds of thousands), this description has to be simple. Simplicity in the description also allows for parameter transferability. More generally, when the number of parameters in the potential energy function is kept low, a definite physical meaning can be assigned to each term of the function. In most programs currently devoted to MD studies of proteins, e.g., CHARMM, 5 the interaction between a cation and protein atoms is assumed to be a sum of LennardJones and electrostatic interactions between point charges. In order to save computer time, many-body terms are usually not included. Their effects are expected to be taken into account, on average, as effective electrostatic or Lennard-Jones interactions between atom pairs.
Recently, a new method for obtaining parameters for such effective interactions has been proposed by A°qvist, 6 aiming at a correct description of the structural and dynamical behavior of a cation in a water solution. In this approach, while electrostatic interactions are supposed to be known from other sources and since Lennard-Jones interactions between the cation and hydrogen atoms are neglected, only two parameters have to be determined, namely, those of the Lennard-Jones interaction between the cation and the oxygen of water molecules. These parameters are chosen so that values close to experimental ones are obtained from MD and FEP simulations for two quantities: the average distance between the cation and the oxygen atoms in its first hydration shell, and the absolute free energy of solvation of the cation.
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The purpose of our study is to check the main hypothesis A°qvist's work is based on. At a more general level, the question of how well a quantum mechanical interaction energy between a water molecule and a cation can be approximated by simple effective two-body interactions will be addressed, in the case of systems of increasing complexity, M(H 2 O) n , with n ranging from 1 up to 6, M being Ca 2+ , Mg 2+ , Na + , K + , as well as another alkaline-earth metal cation, Be 2+ , and another alkaline one, Li + (the two later cations have also important, though nonphysiological, biological effects).
The main principle of our work is to study such an interaction in a "realistic" water environment. To do so, in the largest systems considered, the first hydration shell of the cation was filled according to experimental data. However, while it is quite clear that there are respectively 4 and 6 water molecules in the first hydration shell of Be 2+ and Mg 2+ , experimental data related to other cations are less conclusive. 7 For instance, values ranging from 6 to 10 were found in X-ray and neutron diffraction experiments for Ca 2+ . 7 In Monte Carlo and molecular dynamics studies, values ranging from 7 8 to 9 9 were observed, while it was shown with ab initio calculations that a Ca 2+ with 8 water molecules in its first hydration shell is slightly more stable than with 9. 10 In the present study, the n ) 6 case was assumed to be a representative one for all cations, except for Be 2+ . The n ) 1 and n ) 2 cases were also considered, both in order to compare the results of our ab initio calculations with an extended set of results obtained by other groups, and to emphasize the need of considering rather large systems when studying the interactions of a cation in polar densed environments.
In the following, parameters extracted from ab initio calculations will be compared to those obtained by A°qvist with his empirical approach. Results of free energy differences calculations performed with these parameters will be compared to experimental data.
Methods

Ab Initio
Calculations. For the calculation of molecular interactions between ionic species, the crucial aspect is the correct evaluation of the electrostatic and charge contributions, which are the dominant parts of the interaction. Since all these contributions are readily included at the Hartree-Fock (HF) level, we decided to use this level for the bulk of our calculations. As a matter of fact, in this specific case, the basis set superposition (BSSE) correction (which decreases the interaction energy) is largely compensated by the neglect of post-Hartree-Fock contributions. This is illustrated in Tables  1-6 where we compare our results for small clusters with more refined calculations in which both BSSE and correlation are taken into account. We also have performed some additional test calculations in the case of Ca 2+ (H 2 O) 6 . The BSSE correction decreases the interaction energy at equilibrium by ≈6.0% while, when some correlation energy is included, at the MP2 level, it is increased by ≈10.0%. The overall precision obtained seems to be sufficient for our purpose which implies a very detailed analysis of the potential energy surface and a large number of calculations.
The atomic basis sets have been extracted from the TUR-BOMOLE library, 11 except for Ca 2+ , for which an effective core potential of 10 electrons for Ca 2+ and the corresponding basis set was derived in previous works. 12 Since polarization effects are mostly important for the oxygen atom, we chose a TZP (triple zeta + polarization) basis including two d functions. Thus, basis set sizes are as follows: Extensive ab initio calculations were performed on the following systems: Ca 2+ (H 2 O) n with n ) 1, 2, and 6, Mg 2+ -(H 2 O) n with n ) 1, 2, and 6, Be 2+ (H 2 O) n with n ) 1 and 4, K + (H 2 O) n , Na + (H 2 O) n , and Li + (H 2 O) n with n ) 1 and 6. Water clusters around a given cation were built with the following symmetry: C 2V (n ) 1), D 2d (n ) 2 and 4) and T h (n ) 6). In each case, a geometry optimization was performed. Then, one water molecule was translated away or toward the cation, the interaction energy of this water molecule with the cation and the other n -1 water molecules, E Q int n (r) being determined according to where r is the distance between the cation and the oxygen atom of the translated water molecule, E Q w is the energy of this water molecule, E Q n (r) is the energy of the whole system, and E Q n-1 is the energy of the system when the translated molecule is removed. In order to compare our results with previous ones, the total interaction energy of the system at equilibrium, E Q tot n , was also calculated, according to where E Q c is the energy of the cation. Effective Two-Body Interaction Energy Parameters. For each system, two or three parameters were determined, A n , B n , and C n , with a least-squares-fit procedure, so at to minimize the mean square difference between E Q int n (r), the above quantum mechanical interaction energy, and the following classical one, either a "c-d Lennard-Jones" form:
where R i is the distance between the oxygen of the translated water molecule and the oxygen of one among the n -1 other water molecules. A oo and B oo are the Lennard-Jones parameters for the TIP3P water model, 13 which is widely used by CHARMM users. E elec n (r) is the Coulombic energy of interaction between the translated water molecule and the rest of the system. Unless specified otherwise, electrostatic interactions between atoms of the translated water molecule and atoms of the rest of the system were calculated with standard charges: q c ) +1 or +2, q O ) -0.834, and q H ) +0.417. As in A°qvist's work, Lennard-Jones interactions in which hydrogen atoms are involved were neglected. Note that a 12-6 Lennard-Jones form was used by A°qvist in his MD and FEP calculations of cations in a water solution. 6 In particular, the parameters of the water model are the same (A°qvist performed calculations either with the TIP3P or the SPC water model. With both models, a given set of {A n , B n } lead to very similar values for solvation free energies). All these features will allow direct comparisons between the potential energy functions obtained in the present study with the ab initio approach described above and by A°qvist with his empirical approach.
Molecular Dynamics and Free Energy Difference Calculations. Radial distribution functions (RDF) of water oxygens around cations were computed from the last 20 ps of 30 ps MD simulations performed at 300 K with a modified version of the CHARMM-22 program package. 5 Simulation parameters are standard ones. In particular, bond lengths were constrained with the SHAKE algorithm, 14 a 2 fs integration time step was used, and nonbonded interactions were calculated with a 14 Å cutoff and a SHIFT truncation procedure for electrostatics. 5 All Lennard-Jones interactions between the cation and water molecules were taken into account.
The solution model is as follows: the cation is held fixed at the center of a 15 Å sphere of TIP3P water molecules. Water molecules lying more than 11 Å away from the cation are also held fixed, as well as water oxygens lying more than 9 Å away. Thus, water molecules in the three first hydration shells of the cation are free to move within a 9 Å radius sphere surrounded by a 2 Å soft boundary, in which water molecules are only free to rotate. This model was designed in order to perform free energy perturbation calculations both in water and in a protein environment. Since it is different from the one used by A°qvist, it was checked that results obtained with both models are similar. To do so, MD and free energy difference calculations were performed with our water solution model and the parameters and potential energy functions used by A°qvist in his study, both with the SPC and the TIP3P water models (data not shown).
Differences of hydration free energies were computed with the thermodynamic perturbation method. The principle of such calculations is as follows: first, several MD simulations are performed during which a cation in a water solution (state "a" of the system) is transformed into another (state "b"), by varying a λ parameter in the potential energy function of interaction of the cation with the water molecules. Then, the free energy difference between states a and b is obtained from 15 where k B is the Boltzmann constant, T is the absolute temperature, and the brackets indicate that an ensemble average is calculated for each λ i value. Note that there is no approximation involved in this equation. From a practical point of view, for each free energy difference calculation, 10 MD simulations at room temperature were performed, each with a given value of λ i . In each simulation, a 5 ps equilibration period was followed by a 10 ps trajectory, the coordinates obtained at the end of a given simulation being the starting point of the next simulation, performed with a different value of λ i , namely, λ i + ∆λ.
Results and Discussion
Optimized Geometries. In Tables 1-6 , optimized geometries obtained at the HF level are compared to geometries obtained by other groups for the systems considered in the present study. Our results are in good agreement with previous
works. For example, for n ) 1, the Ca-O distance (2.28 Å; see Table 1 ) is found to be within 0. Table 2 ). In other works, these distances are slightly longer than ours. For Be 2+ (H 2 O) n (see Table 3 ), our geometrical results are in complete agreement with those obtained by Bock et al. 19 Note that, in all studies, when n increases, the cation-oxygen distance at equilibrium also increases. This is a trivial effect mostly due to water-water repulsion. There is also a relationship between the differences of cation-oxygen distances at equilibrium found in the present work and in the other works considered, and the corresponding differences of interaction energies. For instance, in the case of Ca 2+ (H 2 O) n and Mg 2+ -(H 2 O) n , when there is a relative energy difference of more than 5%, the cation-oxygen distances differ by more than 0.05 Å. If this trend is left apart, that is, if energies are compared for a given geometry, energy differences are expected to arise from the level of accuracy of the calculations. Nevertheless, as mentioned before, several sources of error may cancel out each other. For instance, for Ca 2+ (H 2 O) n , the Glendennig and Feller results and ours are similar both as far as geometries and energies are concerned, though the former include Counterpoise and MP2 corrections 18 while ours do not. The effect of these corrections was checked in the case of Ca 2+ (H 2 O) 6 , whose total interaction energy decreases by ≈6.0% when BSSE corrections are taken into account while it increases by ≈10.0% when the calculations are performed at the MP2 level (data not shown). Since on the other hand it is clear from Tables 1-6 that interaction energies may vary from study to study by up to 10% (especially for n ) 1 cases), we found it not necessary to perform heavy calculations at the present stage of our work.
Optimization of the Form of the Classical Potential Energy Function. In Figure 1 , the ab initio interaction energy between Ca 2+ and one water molecule is given, as a function of r, together with the best fits of these data obtained with, respectively, a 12-6 Lennard-Jones, a 7-4 Lennard-Jones, or a 6-Buckingham form of the classical interaction energy. It is clear that the 12-6 Lennard-Jones form, which was assumed by A°qvist in his work, is not the best possible choice. In order to describe accurately the effective interaction energy between the cation and the water molecule, the 7-4 Lennard-Jones or the 6-Buckingham form performs obviously much better.
Other forms were also tested. A set of representative tests is given in Table 7 . With the c-d Lennard-Jones forms, the switch from d ) 6 to d ) 4 improves the quality of the classical description, as measured by the mean-square difference (msd) between the quantum mechanical and the classical interaction energy. This is an expected result, since a r -4 attractive term is the usual form for the interaction between a charge and an induced dipole. More unexpected is the extent of the improvement of the quality of the description with the Lennard-Jones form, when c drops from c ) 12 to c ) 7. Note that the usual r -12 repulsive term has no known physical meaning. Indeed, other values for c have been proposed. For instance, Roux and Karplus used a r -8 repulsive term in their description of alkaline cation-carbonyl oxygen interaction, 20 as well as Kowall et al. in their description of lanthanide ions-water oxygen interaction. 21 These later authors underline the fact that a smoother Lennard-Jones repulsion results in a broadening of the first maximum of the radial distribution function of water oxygens around the cation and improves the agreement with neutron diffraction data. However, note that in the present work Lennard-Jones or Buckingham forms are here to complement the description of the interaction between the cation and the water molecules. In particular, the repulsive and attractive parts of the classical potential energy function are expected to correct errors introduced by the rough description of the electrostatic interactions in our systems.
Results given in Table 7 were found to be quite general: for all systems studied, the 7-4 Lennard-Jones performs much better than the usual 12-6 one (data not shown) while, as shown in Table 8 , the 4-and 6-Buckingham forms were found to perform even better, the former being slightly more accurate when larger systems (i.e., more realistic ones) are considered. These later results are also expected since, as the number of parameters in the function used increases, better fits of the datas are usually obtained.
Other trends are noticeable in Table 8 . First, better fits were obtained for alkaline cations than for alkaline-earth ones. Moreover, in most cases the quality of the fit increases as the radius of the cation increases, the worst fits being obtained with Be 2+ . In other words, as the strength of the water-cation interaction decreases, its description by a Buckingham form becomes more and more relevant.
Additional terms would be required in order to describe more accurately alkaline-earth cation-water oxygen interactions. Such terms would probably help to take into account physical effects like charge transfer, etc.
Second, better fits are in most cases obtained when the number of water molecules around the cation is large. For instance, for Be 2+ (H 2 O), msd values lie within 3.4-44.5, while for Be 2+ (H 2 O) 4 , they lie within 1.3-1.8. This trend is likely to be a consequence of the fact that cation-oxygen distances are larger when the first hydration shell of the cation is filled.
In all cases considered, the strength of the effective interaction between a cation and a single water molecule was found to decrease as the number of water molecules in the system used for parameter determination increases (see Figures 3-5 for a comparison between n ) 1 and n ) 6 cases). Parameter values obtained for the 4-Buckingham form are given in Table 9 . The main feature is that low msd values shown in Table 8 were in many instances reached with negative B n values, the r -4 term standing here to complement the description of the repulsive interaction between the cation and the water molecule. Such a feature is also observed with the 6-Buckingham form (data not shown). Nevertheless, one interesting result is the fact that C n values are found to lie within a rather narrow range: from 3.6 to 4.9. This suggests that a value near 4 may have some physical meaning. Other fits performed with a less polar water model (q O ) -0.7) confirm the robust character of this result (data not shown). Such fits were found to be very accurate. Moreover, they were reached with positive A n and B n values. This is likely to be meaningful since the dipolar moment of the modified water model was set to the value obtained at the HF level for a single water molecule, namely, 1.99 Dswhile it is 2.35 D for the TIP3P model and 1.86 D experimentally (in the gas phase). However, modifying the charges in the water model is a way to introduce a fourth parameter in the function used for the data fits. Since our study is aiming at describing atomic interactions as simply as possible, we chose to allow no more than three parameters in the functions, that is, no more than in the Buckingham forms (moreover, developing a new water model lies outside the scope of the present study).
Parameters obtained with the 7-4 Lennard-Jones form are given in Table 10 , for the most hydrated systems studied. Here, low msd's were reached with positive A n and B n values, except for Li + (H 2 O) 6 . In order to improve data fits, a third parameter was introduced in this form, the charge of the cation, q c , being allowed to differ from +1 or +2. The corresponding parameters and msd are given in Table 11 . Msd values are the lowest found in the present study. Only one large msd remains, for Be 2+ -(H 2 O) 4 . Moreover, all parameter values are consistent with their expected physical meaning: A n and B n have positive values, and q c is lower and close to +1 and +2, for alkaline and alkaline-earth cations, respectively. However, the classical picture corresponding to this parameter set is not satisfactory in one respect: the overall charge of the system is also no more +1 or +2. As far as cation-water interactions are concerned, this is without any consequence, since charges in the system are effective ones. In particular, during the fitting process, the q c value helps to correct errors introduced by assuming that atomic charges in the water molecule are those of the TIP3P model. However, if these parameters were to be used in simulations of more complex systems than cations in water solutions, this may lead to artifactual effects. Thus, although the quality of the data fits obtained indicate that this later parameter set deserves further studies, it was not considered in the following.
In order to check that our effective potentials are also able to reproduce ab initio interaction energies of cation-water systems in nonsymmetric configurations, a MD simulation at room temperature of a Mg 2+ (H 2 O) 6 cluster was performed, from which 25 Mg 2+ (H 2 O) geometries were picked. A comparison between ab initio and effective 7-4 Lennard-Jones interaction energies for these geometries is given in Figure 2 . The correlation between both is indeed quite strong.
Molecular Dynamics Simulations. The 7-4 Lennard-Jones form was implemented in the CHARMM-22 program package. Parameters given in Table 10 (q c ) +1 or +2) were used to compute trajectories of cations in water solutions at room temperature, as detailed in the Methods section. From the last 20 ps of each of these simulations, radial distribution functions of water oxygens around the cation were determined, focusing on R h , the distance corresponding to the first maximum of this function, and on N h , the coordination number, that is, the number of water molecules in the first hydration shell of the cation. N h and R h values obtained for each simulation are given in Table  12 . They are found to be consistent with experimental data.
For Na + and K + , the first hydration shell is not as well defined as for the other cations, the water molecules of this shell being exchanged with bulk water molecules within the time scale of the simulation. No such water exchange is observed in the alkaline-earth cation simulations. This is consistent with measurements of the unimolecular rate constant of water release from the first hydration shell of small alkaline-earth dications, namely, over 10 -8 s, while it is well below 10 -9 s for alkaline cations. 22 Note that the optimized geometries of the systems studied in order to determine the parameters used in these simulations are also consistent with experimental R h values. This is not the case when smaller systems (n ) 1 or n ) 2 cases) are considered (see Tables 1-6 ). This kind of result supports our approach since it indicates that a system composed of a cation and of the water molecules of its first hydration shell is a good first approximation of a much larger system composed of a cation in a water solution.
Free Energy Difference Calculations. Alkaline cation perturbation simulations were performed with Na + as a starting point, as in A°qvist's work, and alkaline-earth ones with Mg 2+ as a starting point, while A°qvist's was Ca 2+ (see below). The corresponding differences of hydration free energies are given in Table 13 . The errors in the results obtained, as measured by the hysteresis value, 2 are less than 1 kcal/mol.
Calculated values differ from experimental data by a large amount for Li + f Na + , Mg 2+ f Ca 2+ , and Be 2+ f Mg 2+ . In the later case, such a discrepancy was expected since the 7-4 Lennard-Jones form was found to be inaccurate for describing Be 2+ -water oxygen interactions (see Table 8 ). In the Mg 2+ f Ca 2+ case, the source of error may lie in the reproduction of the water environment of Ca 2+ during MD simulations. As mentioned in the Introduction, the number of water molecules in the first hydration shell of Ca 2+ is a matter of debate, at the experimental as well as at the theoretical level. In particular, neutron diffraction experiments have shown that this number depends upon Ca 2+ concentration, namely, that it decreases when the concentration increases. According to these experiments, in the case of 1 m CaCl 2 solutions, there are 10 water molecules in the first hydration shell of Ca 2+ . 23 Such results are at variance with those obtained from X-ray diffraction experiments, which indicate that there are between 6 and 7 water molecules in the first hydration shell of Ca 2+ , the former value being the most frequently given one. 7 Such an experimental controversy suggests that the structure and dynamics of Ca 2+ water environment depends on rather subtle physical effects.
In the Na + f K + case, the difference between the free energies of hydration of these two cations is reproduced with a good accuracy, namely, within 2.5-3.5 kcal/mol of the experimental value. As emphasized hereafter, this later result is likely to be meaningful. First, note that for Na + and K + the fit of ab initio interaction energies was quite accurate (see Table 8 ). Note also that the interaction energies of these two cations with water molecules are the smallest considered in the present study. This suggests that our approach may be accurate only when the strength of the interactions in the system studied is not too large. The fact that the calculated Li + f Na + free energy difference was not found to be accurate supports this hypothesis. Thus, one may think that, when the interaction strength is important, larger systems need to be considered within the frame of our approach, including at least some water molecules of the second hydration shell.
On the other hand, many-body effects are expected to play a more and more important role as the interaction strength increases. Indeed, as shown in Figures 3-5 , for Na + and K + , the difference between their ab initio interaction energy with a single water molecule and the effective interaction energy found in the present work is not large, while it is for Mg 2+ . However, the striking result is that, for Na + and K + , the effective interactions between these cations and a water molecule in a water solution, as determined by A°qvist with his empirical approach or in the present study with an ab initio approach, are very similar (see Figures 3 and 4) . Such a result strongly supports A°qvist's approach. Further studies should now be performed in order to check that ab initio calculations performed at higher levels of accuracy (MP2, MP4, etc.) do lead to an even better agreement with experimental data for these two cations, through the parametrization process described in the present study.
For Mg 2+ , the difference between ab initio and the two effective interaction energies considered underlines the fact that straightforward in vacuo ab initio calculations (n ) 1 cases) are likely to be not relevant for determining parameters for the corresponding effective potential energy function in solution. On the other hand, the difference between the two kinds of effective interaction energies may come from the fact that A°qvist's method relies on the hypothesis that correct water environments of cations can be obtained during MD simulations. If this hypothesis happens to be not fulfilled in the Ca 2+ case, then it is clear that the interaction energy between Ca 2+ and one water molecule determined by A°qvist's method is underestimated, if the number of water molecules found in its first hydration shell during the MD simulations is too large, or overestimated, if it is too low. Furthermore, in such cases, the interaction energy between other alkaline-earth cations and one water molecule is underestimated or overestimated as well, since the corresponding parameters were determined so as to reproduce the difference between the hydration free energy of these cations and the hydration free energy of Ca 2+ . Otherwise, if MD results obtained both by A°qvist and our group happen to be confirmed at the experimental level, that is, if there are indeed eight water molecules in the first hydration shell of Ca 2+ , this would suggest that studying larger systems in the case of alkaline-earth cations may lead to results closer to those obtained by A°qvist with his empirical approach.
Conclusion
Starting from ab initio calculations on systems composed of a cation and of the water molecules of its first hydration shell, parameters for the effective interaction between a water molecule and small alkaline and alkaline-earth cations were obtained, using simple water model and potential energy functions. It proved to be possible to reproduce with a good accuracy quantum mechanical interaction energies with simple two-body energy terms, especially as far as alkaline cationwater molecules interactions are concerned. However, when the charge of the cation was allowed to vary during the fitting process, ab initio interactions between Mg 2+ or Ca 2+ and water molecules were also found to be very well described.
For Na + and K + , the effective interaction obtained was found to be very similar to the effective interaction obtained by J. A°qvist with a purely empirical approach. In this respect, our results support the principles underlying A°qvist's method, namely, seeking for a two-parameter potential energy function able to lead to the reproduction in MD simulations of two experimental values. However, they suggest straightforward improvements. First, a 7-4, or a 8-4, Lennard-Jones form should be used in the parameter determination process, instead of the standard 12-6 form. Second, the reference cations for which absolute free energy of hydration are calculated should be chosen with great care, since experimental data like hydration numbers may vary a lot. 7 On a more general level, the present study underlines the fact that radial distribution functions of oxygen atoms around cations are much easier to reproduce than hydration free energy differences, as obtained with perturbation simulations of allatoms classical models. Cations, as in our study Mg 2+ and Be 2+ , may have radial distribution functions in good agreement with experimental data, which are quite homogeneous in these two cases, especially as far as hydration numbers are concerned, 7 and still have a calculated hydration free energy difference at variance by 20-30% with the experimental value.
A natural way for improving the results obtained in the present study, and/or generalizing our approach, would be to consider larger systems, namely, systems giving a more representative picture of the environment experienced by a cation in a condensed phase. In line of the present study, such systems should be composed of a cation embedded in two or more hydration shells. Of course, as the size of the system increases, more and more approximations may become necessary, in order to achieve the corresponding ab initio calculations. Thus, our approach will prove wholly successfull only if good effective parameters can be obtained by studying small enough systems. Otherwise, empirical approaches like the one proposed by J. A°qvist will remain necessary for a while.
